The detection of glutamic acid decarboxylase 65 (GAD65) autoantibodies is essential for the prediction and diagnosis of latent autoimmune diabetes in adults (LADA). The aim of the current study was to compare a newly developed electrochemiluminescence (ECL)-GAD65 antibody assay with the established radiobinding assay, and to explore whether the new assay could be used to define LADA more precisely. Methods: Serum samples were harvested from 141 patients with LADA, 95 with type 1 diabetes mellitus, and 99 with type 2 diabetes mellitus, and tested for GAD65 autoantibodies using both the radiobinding assay and ECL assay. A glutamic acid decarboxylase antibodies (GADA) competition assay was also performed to assess antibody affinity. Furthermore, the clinical features of these patients were compared. Results: Eighty-eight out of 141 serum samples (62.4%) from LADA patients were GAD65 antibody-positive by ECL assay. Compared with ECL-GAD65 antibody-negative patients, ECL-GAD65 antibody-positive patients were leaner (P<0.0001), had poorer β-cell function (P<0.05), and were more likely to have other diabetes-associated autoantibodies. The β-cell function of ECL-GAD65 antibody-positive patients was similar to that of type 1 diabetes mellitus patients, whereas ECL-GAD65 antibody-negative patients were more similar to type 2 diabetes mellitus patients. Conclusion: Patients with ECL-GAD65 antibody-negative share a similar phenotype with type 2 diabetes mellitus patients, whereas patients with ECL-GAD65 antibody-positive resemble those with type 1 diabetes mellitus. Thus, the detection of GADA using ECL may help to identify the subtype of LADA.
INTRODUCTION
Latent autoimmune diabetes in adults (LADA) is the most common term used to describe the disease in patients with a type 2 diabetes mellitus (T2DM) phenotype that is combined with the presence of islet autoantibodies and slowly progressing β-cell failure [1] . Most researchers believe that LADA is a subtype of type 1 diabetes mellitus (T1DM). However, some researchers believe that LADA is similar to T2DM, because both can initially be managed using diet and oral hypoglyce-mic agents, before the patient becomes insulin-dependent. In addition to "LADA, " this subtype of diabetes has been called "type 1.5 diabetes, " "latent type 1 diabetes, " "LADA-type 1 and LADA-type 2, " and "slowly progressive type 1 diabetes" [2] .
The accurate diagnosis of LADA is difficult, but it must be distinguished from T1DM or T2DM for proper treatment [1] . The detection of islet autoantibodies, such as insulin autoantibody (IAA), glutamic acid decarboxylase antibodies (GADA), insulinoma-associated antigen-2 autoantibodies (IA-2A), and zinc transporter-8 autoantibodies (ZnT8A), is the most common method of diagnosing LADA. However, the majority of patients with LADA are only GADA-positive, probably because this is one of the most potent autoantigens involved in β-cell-specific autoimmunity [1, 3] . Several cross-sectional studies have shown that GADA titer is associated with the phenotypic heterogeneity of LADA patients [4] [5] [6] [7] [8] . Furthermore, Krause et al. [9] found that GADA affinity varies widely (up to 10,000-fold) in GADA-positive LADA patients, and that it correlates inversely with β-cell function and is strongly associated with the subsequent need for insulin treatment. Additionally, they suggested that the epitope specificity of GADA is associated with the classification of adult-onset diabetes and can be used to predict the requirement for insulin therapy [10] . For example, antibodies against the central or C-terminal domains of glutamic acid decarboxylase 65 (GAD65) tend to be associated with a clinical phenotype of autoimmune T1DM and a need for insulin therapy, whereas antibodies against N-terminal epitopes tend to be associated with a similar clinical phenotype to T2DM and a lack of requirement for insulin.
Electrochemiluminescence (ECL) assay, an emerging method for islet autoantibody detection, can discriminate high-affinity, high-risk diabetes-specific antibodies from low-affinity, low-risk islet autoantibodies, and therefore be used to identify the initiation of islet autoimmunity at an earlier stage [11, 12] . Miao et al. [12] found that ECL-GADA data are preferable for the prediction of the risk of progression to T1DM in relatives of diabetes patients or in the general population [13] than the current gold standard radiobinding assay (RBA). However, it is unclear whether ECL-GADA can be used to subtype patients with LADA, who constitute a heterogeneous group, or to predict the loss of β-cell function in LADA patients.
In this study, we used an ECL assay to detect GADA in patients with LADA, T1DM, and T2DM, and compared the clinical phenotypes of patients with LADA with those of patients with T1DM or T2DM.
METHODS

The quantity and characteristics of samples and patients
The assay was validated using serum samples from 141 LADA patients that were collected at The Second Xiangya Hospital of Central South University, The First Affiliated Hospital of Nanjing Medical University, and Sir Run Run Hospital, Nanjing Medical University. Samples were collected from a total of 95 T1DM and 99 T2DM patients attending Sir Run Run Hospital, Nanjing Medical University. LADA patients were included in the study if disease onset had been at >30 years of age; there was at least one circulating islet autoantibody to GAD, IA-2, or ZnT8, detected using RBA; and there was a lack of insulin dependency at diagnosis. T1DM patients were included if a clinical diagnosis of T1DM had been made using the 1999 World Health Organization (WHO) diagnostic criteria; there was at least one circulating islet autoantibody to GAD, IAA, IA-2, or ZnT8 detected using RBA; and they were insulin-dependent at diagnosis. T2DM patients were included if their diagnosis of diabetes had been on the basis of the WHO 1999 diagnostic criteria, no islet autoantibodies had been detected, and they were not dependent on insulin treatment at diagnosis. All LADA, T1DM, and T2DM patients were recruited in this study have disease duration within 1 year.
All participants in this study were given their written informed consent, and the study was carried out in accordance with the Declaration of Helsinki and approved by the Nanjing Medical University Ethics Committee (No. 2017-SR-003). All serum samples were tested for GAD, IA-2, and ZnT8 autoantibodies using RBA, and samples with at least one positive autoantibody were further detected GADA titer using ECL assay. The positive rates of GAD, IA-2, and ZnT8 autoantibodies by RBA assay were 73.0%, 27.0%, and 29.1% respectively in LADA patients, 54.7%, 38.9%, and 21.1% respectively in T1DM, and none in T2DM. Biochemical indices were measured and relevant clinical information was collected from all the participants. All the patients underwent a 75-g oral glucose tolerance test (OGTT), with two time points (0 and 120 minutes) for the measurement of C-peptide. In a subset of the participants, 49 with LADA, 39 with T2DM, and 13 with T1DM, this measurement was performed at five time points (0, 30, 60, 120, and 180 minutes).
Anthropometric measurements, including height and body mass, were performed by professional physicians. Body mass index (BMI) was calculated by dividing weight in kilograms by height in meters' squared. After a 12-hour fast, morning blood samples were obtained from an antecubital vein for glucose, Cpeptide, and glycosylated hemoglobin (HbA1c) measurement, then the 75-g OGTT was performed, and venous blood samples were obtained 30, 60, 120, and 180 minutes after the glucose load for the measurement of plasma glucose and C-peptide.
RBA for islet autoantibodies
Islet autoantibodies (GAD, IA-2, and ZnT8) were detected using RBA [14] and the upper limit of normal was established as the 99th percentile in 200 healthy control subjects. Briefly, human 35 S-labelled recombinant antigens were produced in an in vitrocoupled transcription and translation system using SP6 (GAD, IA2) or T7 (ZnT8) RNA polymerase and nuclease-treated rabbit reticulocyte lysate (Promega, Fitchburg, WI, USA). Five microliters of sera were incubated with 35 S-antigens (≥20,000 of trichloroacetic acid-precipitable radioactivity). After an overnight incubation at 4°C, antibody-bound 35 S-antigens were separated from unbound antigen by precipitation with protein A sepharose (GE Amersham Biosciences, Chicago, IL, USA) and the immunoprecipitated radioactivity was counted on a Wallac Microbeta Liquid Scintillation Counter (Perkin Elmer Life and Analytical Sciences Inc., Boston, MA, USA).
ECL-GADA assay
Twenty microliters of 5-fold diluted serum were mixed with 20 µL of antigen buffer containing both a sulfo-tag and biotin-labeled GAD65, and the mixture was shaken at room temperature on a low setting for 1 to 2 hours, followed by incubation at 4°C overnight. On the same day, 150 μL of 3% Blocker A (Meso Scale Diagnostics [MSD], Gaithersburg, MD, USA) were added to each well to block the streptavidin-coated plate (MSD) overnight at 4°C. On the second day, the blocked plate was washed three times with phosphate buffer solution containing 0.05% Tween-20 (PBST) buffer, followed by the addition of 30 µL serum/antigen mixtures to each well. After shaking at room temperature for 1 hour on a low-speed setting, the plate was washed again with PBST three times to remove unbound GAD65. Finally, the read buffer was added and the plate was 
GADA competition assay
A standard curve was constructed for the GADA radioimmunoassay using serial dilutions of unlabeled antigen protein.
Briefly, we selected nine samples for an ECL-GADA competition assay, five positive and four negative. Each serum sample was assessed in 14 separate wells, two without competition and 12 with competition, by adding unlabeled GAD65 (Diarect, Freiburg, Germany) at six different concentrations between 6.8×10 −12 and 6.8×10 −7 mol/L to the incubating serum. For the competition experiment, serum samples were mixed with radiolabeled and unlabeled GAD65 at the same time, and then incubated overnight at 4°C. The antibody-antigen complexes were precipitated using protein A/G sepharose (GE Healthcare, Little Chalfont, UK), and the radioactive signals were counted. The signal inhibitions of 50% by unlabeled GAD65 was calculated and compared for relative affinity of antibody.
Statistical analysis
All analyses were carried out using SPSS version 21.0 software (IBM Co., Armonk, NY, USA). Comparisons were performed by analysis of variance (ANOVA) or t-test. We used GraphPad Prism 5.0 software (GraphPad Software Inc., LaJolla, CA, USA) for all graphical representations. Normally distributed data are shown as mean±standard deviation, while variables with a skewed distribution are reported as median (interquartile range) and log transformed to approximate normality before analysis. Significance was accepted when P<0.05.
RESULTS
The results of ECL and RBA-GADA assays are comparable With the specificity set at the 99th percentile for both assay, 62.4% (88 of 141) of LADA patients and 58.9% (56 of 95) of T1DM patients were positive by ECL-GADA assay, compared with 73.0% (103 of 141) of LADA patients and 54.7% (52 of 95) of T1DM patients by GADA radioassay. Fig. 1A shows a comparison of GADA positivity and concentration between the ECL and RBA assays in the LADA group. The sensitivity of the ECL-GADA assay was similar to that of the GADA radioassay, although a few discordant samples showed low levels of GADA in both assay. the serial competition assay, all of which were RBA-GADA-positive. RBA GADA data were comparable between ECL-GADA + and ECL-GADA − groups. The results of the competition assay are shown in Fig. 1B . ECL-GADA − samples required a concentration of unlabeled GAD65 protein (10 −10 to 10 −11 mol/L) that was greater than that for the ECL-GADA + samples (10 −12 mol/L), implying that ECL-GADA − samples require a 10 to 100-fold higher concentration of unlabeled GAD65 protein than ECL-GADA + samples to achieve 50% inhibition of binding (P<0.05).
GADA positive samples demonstrate high-affinity binding in the ECL assay
Comparison of the clinical features of LADA patients who were ECL-GADA + or ECL-GADA − , and T1DM and T2DM patients
The LADA patients could be divided into two subgroups, depending on their ECL-GADA results. Patients who were ECL-GADA + or ECL-GADA − had similar ages of onset and HbA1c concentrations. However, participants who were ECL-GADA + had lower BMI, fasting C-peptide, 2-hour postprandial C-peptide concentration, and smaller area under the curve (AUC) of Percentage not absorbed
The AUC of C-peltede 0 6.8×10 −12 6.8×10 −11 6.8×10 −10 6.8×10 −9 6.8×10 −8 6. (Fig. 1D) , when compared to those who were ECL-GADA − , indicating that ECL-GADA + patients were leaner (P<0.0001), and had poorer β-cell function than ECL-GADA − patients. In addition, patients who were ECL-GADA + tended to be positive for more autoantibodies than ECL-GADA − patients (Fig. 1C) . The β-cell function of ECL-GADA + patients was similar to that of T1DM patients, whereas ECL-GADA − patients resembled to T2DM patients. Several T1DM and LADA patients suffer autoimmune thyroid disease or celiac disease, but no difference were found between these two groups ( Table 1) .
DISCUSSION
LADA patients show clear differences from classic T1DM and T2DM patients, because they have islet autoantibodies but often intact β-cell function [13] . However, they also exhibit significant clinical heterogeneity, variable β-cell function, and differing risk of progression to insulin dependence. The factors underlying this variation have yet to be determined. Thus, it is important to identify predictors of the progression of this disease and of the β-cell dysfunction. In this study, we used an ECL assay to detect islet antibodies and found that LADA patients could be divided into ECL-GADA + and ECL-GADA − groups that had differing clinical phenotypes. Subjects who were ECL-GADA + had poorer β-cell function, more islet autoantibodies, and a lower BMI than those who were ECL-GA-DA − . We have also shown differences in GADA detection between the RBA and ECL assays, and that the ECL-based GADA assay can be used to define and subtype LADA more precisely, because the data correspond more closely with the clinical features.
Some previous studies have shown that the results of ECL-GADA assays are preferable for the prediction of the risk of progression to classical T1DM in the relatives of diabetes patients or in the general population [12, 13] than the current gold standard RBA. These showed that the ECL assay is superior for the detection of islet antibodies that are of higher disease relevance, because it discriminates between high-affinity, highrisk antibodies and low-risk, low-affinity antibodies, unlike the RBA [15] . Our results are consistent with these previous findings. However, we also assessed C-peptide concentrations and other clinical indices to evaluate β-cell function in LADA patients, and explored their relationships with ECL-GADA titers. β-Cell function may be associated with the epitope specificity of GADA, according to Achenbach et al. [10] , who reported that the necessity for insulin therapy could be predicted by the detection of N-terminally-truncated GAD65 autoantibodies in LADA patients. However, the relationship between ECL-GA-DA titer and epitope specificity requires further investigation. Some researchers [6, 8, 16] have also shown that the characteristics of patients with low GADA titers are similar to those of antibody-negative T2DM patients. Liu et al. [16] suggested that low-titer GADA detected by a radioligand assay might either represent a false positive, with signals resulting from immunization with a cross-reactive molecule, or a true positive resulting from immunization with the GAD autoantigen itself. Although competition assay is an indirect measurement to determine the antibody affinity, our findings showed that ECL-GADA − samples required a 10 to 100-fold higher concentration of unlabeled GAD65 protein than ECL-GADA + samples to achieve 50% inhibition of binding which were similar to those given in previous reports [17] [18] [19] [20] . We also compared the clinical features of the LADA patients who were ECL-GADA + or ECL-GADA − , and patients with T1DM or T2DM, and found that the β-cell function, multiple positive islet autoantibodies, and low BMI of the ECL-GADA + patients made them similar to the T1DM patients, whereas the ECL-GADA − patients resembled T2DM patients more closely. These findings further imply that the ECL-GADA assay could be used to subtype LADA more precisely.
One limitation of this study is that we did not follow up these patients and observe the progression of their disease. Future studies should prospectively follow patients and record any changes in phenotype in similar patient groups.
In conclusion, detection of GADA using ECL may help to identify the subtype of LADA. Patients who are ECL-GADA − show similar phenotypic features to T2DM patients and may develop mild β-cell dysfunction, whereas patients who are ECL-GADA + are more similar to T1DM patients, showing a rapid loss of β-cells, and being more likely to require insulin treatment sooner. Thus, precise subtyping of LADA patients will contribute to the optimization of treatment strategy and more accurate prognostication.
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